INTRODUCTION
Anterior cruciate ligament (ACL) injuries in the active, skeletally immature patient present a difficult problem. Nonoperative treatment in sedentary individuals is a viable option. However, the natural history of the ACL-deficient knee in younger age groups parallels that of the adult population and is characterized by recurrent instability, meniscal tears, and chondral injury. Surgical treatment involving extraphyseal reconstruction often has less than desirable results, whereas transphyseal fixation presents the potential of growth plate disturbance and subsequent limb malalignment.
Previous studies of midsubstance tears in the skeletally immature athlete suggest they are uncommon and occur with a 1%-3% incidence in children aged Ͻ14 years. 15, 31 Many authors maintain that tibial spine avulsion is more likely due to the added strength of the ACL versus the epiphyseal plate. However, a recent literature review revealed an increase in midsubstance tears, possibly due to increased participation in organized athletics in younger age groups, increased awareness of such injuries, and improved diagnostic abilities and techniques (eg, magnetic resonance imaging [MRI] and KT-1000).
Traditionally, nonoperative care has been the mainstay of treatment in this age group. Education, activity modification, and rehabilitation, combined with bracing, have been traditionally recommended. However, high noncompliance rates combined with functional instability place these patients at high risk for recurrent knee injury. Studies have demonstrated an increased incidence of instability and meniscal tears despite rehabilitation and bracing.
Fear of premature growth plate closure and angular deformities and limb-length inequalities have prompted the investigation of several nonanatomic, extraphyseal ACL reconstruction techniques as well as several alternative transphyseal techniques. Many of these studies involving
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Adolescent ACL Injury
Treatment Considerations the skeletally immature patient are limited due to difficulties in classifying growth potential at the time of injury and treatment (Table 1A) . 3, 9, 19, 22, 33, 37, 45, 46 Differences in gender and method of reporting age (skeletal versus chronologic) present investigators with a challenge. Various methods of estimating the degree of skeletal maturity include the determination of skeletal age, gender, parental and sibling growth characteristics, degree or stage of secondary sexual characteristic growth, occurrence of a growth spurt, changes in shoe size, and postinjury height changes at follow-up.
Background
The differential diagnosis of knee pain and hemarthrosis in the skeletally immature patient includes ligamentous tear, tibial spine avulsion fracture, meniscal tear, patellar sleeve fracture, distal femoral physeal fracture, capsular tear, and osteochondral fracture. Anterior knee instability can arise from ligamentous or bony sources. The differential diagnosis of anterior instability includes an ACL injury, congenital ACL deficiency, excessive hyperelasticity, and periarticular fractures 13 .3 (10) (11) (12) (13) (14) Bone age left hand, family growth, 10 Open Tanner McCarroll et al 39 13.7 (13) (14) (15) Tanner, family growth, growth 60 NS spurt occurrence, degree of physeal opening on radiograph Micheli et al 41 11 (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) Bone Abbreviations: ACL=anterior cruciate ligament, allo=allograft, auto=autograft, avg=average, BPTB=bone-patellar tendon-bone, EA=extra-articular, IA=intra-articular, ITB=iliotibial band, NA=not available, NR=not relevant, NS=not specified, OTT=over-the-top, PT=patellar tendon, and ST/G=semitendinosus gracilis.
( Figure 1 ). The collagen fibers in the skeletally immature ACL form a strong connection between ligament, perichondrium, and epiphyseal cartilage, whereas in the adult ACL, weaker Sharpey's fibers form the link between ligament and bone. 11 This difference in ligamentous attachment between the adult and child may play a role in the pattern of knee injury seen in each age group.
Kellenberger and von Laer 27 observed that tibial spine avulsion occurred 80% of the time in children aged Ͻ12 years whereas midsubstance tears occurred 90% of the time in children aged Ͼ12 years. The age dependency of ACL injury in skeletally immature children was further demonstrated in another retrospective review of 1273 children aged Ͻ16 years presenting to a trauma center over a 10-year period. 52 The authors reported no ACL tears in children aged р10 years, whereas they found occasional tears in children aged 11-12 years, and an increased frequency in children aged 13-16 years. 52 Rare traumatic ACL injury has occurred in children aged Ͻ10 years. 33, 41, 46, 47 
Diagnosis
The diagnosis of ACL tears should be based primarily on clinical history and physical examination. The injury mechanism can include a noncontact twisting injury, valgus blow to the leg with the foot fixed on the ground, or forced knee hyperextension. Usually an audible "pop" is heard at injury. Acutely, the patient presents with pain, knee effusion within hours of injury, decreased range of motion, and difficulty bearing weight. Chronically, a child may present with recurrent effusion and recurrent instability. Clinically, the diagnosis is established with an asymmetric anterior drawer, Lachman test, pivot shift test, or KT-1000 side-to-side differences Ͼ3 mm. Joint line tenderness and provocative meniscal rotation tests (eg, McMurray test, Apley compression test) should be performed to evaluate for associated meniscal tears.
Magnetic resonance imaging of the knee is highly sensitive and specific in evaluating adult knee pathology. However, MRI does not provide increased diagnostic ability over clinical examination in children. 29 In one study, MRI and clinical examination both had a sensitivity of 71% and specificity of 92%. Other studies indicated the sensitivity may be as low as 50% and specificity as low as 64%. 28, 36, 50, 55 Variations in developmental anatomy, less experience interpreting MRI in skeletally immature patients, smaller anatomic structures, and a higher incidence of partial ligamentous injuries may contribute to the lower sensitivity and specificity seen in children. 29 Additionally, one study showed meniscal signal abnormalities in 6 of 13 patients, all with normal menisci on arthroscopic examination. This confirmed other reports that increased meniscal signal in children has a high falsepositive rate and may be due to increased vascularity compared to the adult meniscus. 52 McDermott et al 40 emphasized the sensitivity, specificity, and accuracy of MRI is in part age-dependent. They reported that MRI evaluation of adolescents (children aged Ͼ15 years) yielded similar results as adult patients, whereas MRI evaluation of children aged Ͻ15 years had decreased sensitivity, specificity, positive predictive value, and accuracy for all knee injuries. 40 Due to the difficulties in interpreting knee MRI in younger patients, the clinician should be aware of its limitations when weighing its importance in the diagnostic scheme.
Arthroscopic evaluation and evaluation under anesthesia are valuable diagnostic adjuncts in the young patient with a hemarthrosis when the clinical examination is equivocal. In one study, in which arthroscopy was performed in skeletally immature patients with a hemarthrosis, 47% had an ACL tear. Furthermore, examination under anesthesia for evidence of laxity or a pivot shift prior to arthroscopy also provides valuable clinical information to aide in the diagnosis of an ACL injury. In the majority of cases, arthroscopy is not necessary to diagnose an ACL injury.
Natural History
In the adult, evidence indicates that active patients with an ACL-deficient knee will experience repeated episodes of instability resulting in chondral injury, meniscal tears, recurrent swelling, and pain. 3, 8, 10, 12, 25, 54 The natural history of the ACL-deficient knee in the younger population paral- lels that of the adult population. Numerous studies have documented poor results with long-term conservative management including physical therapy and bracing. 5, 19, 39, 46 Compliance with activity modification often is difficult to achieve in adults and may be even more difficult in children. Furthermore, committing a young patient to years of activity modification and bracing may be unrealistic.
In most case series, 19,26 a high incidence of recurrent instability, pain, swelling, and new meniscal tears occurs in skeletally immature patients treated nonoperatively for a complete ACL tear. In one study, all 7 patients with an average age of 14.8 years who were treated conservatively had fair or poor results. Four patients had definitive radiographic evidence of arthritis at follow-up. 26 In another study, 8 patients with an average age of 14.5 years and open physes were treated with supervised physical therapy and bracing. Seven of 8 patients experienced new meniscal tears at an average of 15 months from initial injury. 19 Additionally, most children treated conservatively have exhibited difficulty in returning to their preinjury level of sports participation, as reported by Mizuta et al 42 where only 1 of 18 patients returned to the preinjury level of athletics and 11 of 18 patients had radiographic Fairbanks' criteria of arthritis at minimum 36-month follow-up. 42 In light of the difficulties involved with conservative treatment of ACL injuries in active children, many clinicians have advocated surgical intervention.
In adults, ACL reconstruction principles involve use of strong grafts, anatomically created tunnels, and rigid fixation. In a patient with open physes, creation of femoral or tibial bone tunnels would violate the physes if placed in an anatomic position. Concerns of possible growth disturbance as a result of physeal drilling and transphyseal graft placement has led many clinicians to avoid such a procedure in the skeletally immature patient. These concerns have prompted numerous animal investigations of physeal growth characteristics. These studies suggest that physeal defect size, filling of the defect with soft tissue, and magnitude of tension placed across the physis may significantly affect growth plate function. 16, 21, 35 Additionally, abnormal growth may result in the absence of bony bridge formation. 16 
Animal Studies
Stadelmaier et al 49 examined the effect of soft-tissue grafting on the prevention of physeal bar formation. Eight canines underwent transphyseal drilling of the tibia and femur with or without placement of a fascia lata autograft in the drill hole. Drill hole size was calculated to represent the same ratio of hole size to physeal surface area as would be expected in a skeletally immature child. All four nongrafted canines developed bony physeal bridging, whereas the grafted subjects showed no evidence of bridge formation or alteration of growth plate morphology on either radiographic or histologic analysis (Figures 1-4 ). This study illustrates the importance of completely filling the drill hole with soft tissue to prevent bony bar formation.
Other investigators have attempted to quantitate the degree of physeal destruction that results in growth disturbance. Makela et al 35 showed that growth disturbance, osseous bridging, and epiphyseal cartilage changes were not observed when drilling across 13% of the transverse diameter (3% of total cross-sectional area) of the distal femoral physis in rabbits, but the above changes were observed when drilling across 20% of the transverse diameter (7% of total cross-sectional area). Guzzanti et al 21 reported the effect of transphyseal reconstruction of the ACL in skeletally immature rabbits using semitendinosus tendon autograft and proximal femoral periosteal suture fixation. The procedure resulted in damage to 3% of the cross-sectional area of the femoral physis and 4% of the cross-sectional area of the tibial physis. Histologic examination did not reveal evidence of epiphysiodesis, but 2 of 21 rabbits developed tibia valgus and 1 tibia was shortened. These studies demonstrate a critical threshold of cross-sectional physeal injury that results in growth abnormalities. From a practical standpoint, a more vertically oriented tibial tunnel results in less transphyseal violation. The physis responds differently to force depending on the direction in which the force is applied. The Delpech principle states a physis will respond to tension with increased growth. 16 Conversely, the Heuter-Volkman principle states the application of compressive force perpendicular to the physis will inhibit longitudinal growth. 6 A recent study involving transphyseal placement of fascia lata autograft in the knees of skeletally immature beagles followed by graft tensioning to 80 N resulted in statistically significant distal femoral valgus deformity and proximal tibial varus deformity. 16 These growth disturbances occurred in the absence of radiographic or histologic evidence of physeal bar formation, leading the authors to caution against transphyseal reconstruction in the skeletally immature patient population. 16 Modifications in surgical technique may help minimize physeal damage if a transphyseal reconstruction is necessary in a skeletally immature patient. As animal studies indicate a critical threshold of physeal damage must occur before growth disturbance results, tunnel size can be decreased to 6-7 mm to limit the physeal surface area that is damaged by drilling and graft placement. 4, 33 To minimize damage to the physis, more vertically oriented tibial and femoral tunnels will result in smaller, circular physeal defects than more horizontally placed tunnels, which will produce larger, elliptical defects. 4, 33 Additionally, choosing an all soft-tissue graft over bone-tendon-bone grafts helps minimize physeal bar formation. 49 
Estimation of Bone Age and Deformity
Animal models have generated insight into understanding physeal physiology and response to trauma, but ultimately it is unknown exactly how much physeal damage can occur in humans without producing adverse effects. To assist physicians in decision making, researchers have investigated means of predicting skeletal growth.
Wester et al 53 developed a technique of estimating maximal angular deformity and shortening if complete growth arrest occurs at surgery. They reported that remaining physeal growth is almost entirely determined by skeletal age and physeal diameter and is independent of overall leg length. Greater angular deformity is expected in patients with a smaller physeal transverse diameter. Using trigonometry, they generated graphs that predict angular deformity and shortening, which can be used as a rough approximation to aid in surgical timing and help counsel patients and families on the risks of surgery. The distal femur and proximal tibia are responsible for 65% of the total leg length, and thus damage to either physis significantly impacts future limb growth.
Other methods of estimating leg-length inequality can be used based on the White-Menelaus rule, which states the distal femur provides 3/8-inch of growth per year whereas the proximal tibia provides 1/4-inch of growth per year. Finally, tables from Green and Anderson can be used to aid in estimation of remaining growth potential. 2 In a personal communication, Kuo (K. Kuo, MD) stated that in a patient with 1 year of estimated growth remaining, a growth abnormality does not appear for 6 months. However, patients with greater amounts of growth remaining may manifest deformities more quickly. This is in agreement with Timperlake et al, 51 who stated bony bridge formation after percutaneous epiphysiodesis occurred within 4-6 months. It is critical to accurately estimate remaining growth to make decisions about surgical timing and type of surgical reconstruction.
Most methods of determining remaining growth depend on accurate determination of bone age. 41 Skeletally immature patients with an ACL injury should undergo a posteroanterior (PA) radiograph of the left hand and wrist. Bone age can then be determined by comparing this radiograph to standard images in the Radiographic Atlas of Skeletal Development of the Hand and Wrist. 20 Aside from bone age, numerous secondary factors can also be used to ascertain the degree of skeletal maturity including physeal width on plain radiographs, Tanner stage, parental and sibling height, recent foot growth, growth spurt occurrence, and menses onset. 23, 32, 39 In females, skeletal growth generally occurs for 2 years following menarche. It is important to remember that skeletal maturity in females (14 years) differs from that in males (16 years).
All of the above clinical information should be used to help the surgeon obtain an impression of the degree of skeletal immaturity to counsel the patient and family and recommend treatment options. For example, a 12-year-old premenarchal patient with a skeletal age of 11 years will be treated differently than a 12-year-old "mature" female whose menses began at age 10 years.
SURGICAL TECHNIQUES
Primary ACL Repair
Primary unaugmented ACL repair has been shown to have a low probability of long-term success with activity limitation and instability as the rule. During injury, in addition to the gross mechanical tearing of the ligament, a more diffuse, microscopic deformation and stretching of individual fibers occurs. Fiber elongation results in a functional lengthening of the tendon on suture reapproximation. When the ACL is torn, a loss of the vascular supply also occurs due to tearing of branches of the middle genicular artery and the medial and lateral inferior genicular arteries. Finally, the normally extrasynovial ACL becomes intrasynovial as a result of the tearing of its protective synovial sheath. The combination of the collagen fiber stretching, loss of blood supply, and damage to the synovial sheath makes ACL injury healing unpredictable and unlikely. 23 A prospective study of acute repair of the ACL compared to acute repair with augmentation was performed on adults in 1990 and is presented for a historical perspective. 24 The augmentation consisted of placing a distally attached strip of patellar retinaculum through tibial and femoral drill holes with imbrication to the repaired ACL. In the repair group, 16 of 22 patients decreased their activity level, 15 of 22 had у2ϩ on anterior drawer testing, 10 of 22 had a positive Lachman test, and 8 of 22 had a positive pivot shift test at follow-up. The augmentation group had improved results in all of the above categories. The unacceptable levels of knee instability and limitation of activity in the repair group is consistent with other studies of acute ACL repair. 18, 34, 44 Furthermore, Cross et al 13 showed that failure of the repaired ligament occurred over time with increased anterior tibial translation developing between 2-and 7-year follow-up.
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Results of ACL repair in the skeletally immature population mirrors that of the adult population. DeLee and Curtis 15 treated three patients, aged р12 years, with primary unaugmented ACL repair, and at 20-month followup, all three had clinically significant laxity and abnormal Lachman testing. Engebretsen et al 17 also attempted unaugmented primary repair in children and reported 8 of 8 patients had to modify their activities and 5 of 8 patients had significant instability. In light of these poor results, most surgeons have directed surgical attempts towards reconstruction.
Surgical Reconstruction
The literature review regarding ACL reconstruction in the skeletally immature patient is challenging due to several factors. The overall low incidence of these injuries limits study size and power. Limited preoperative assessment of skeletal maturity and potential for future growth combined with the grouping of patients of various ages makes interpretation of outcomes difficult. Authors often have failed to delineate between pre-and postpubescent patients. Reporting of chronologic rather than skeletal age has been a major weakness of some studies. Diverse surgical techniques and varying postoperative evaluations add to the complexity in developing conclusions about efficacy and safety. Ideally, postoperative scanograms would most accurately detect any leg-length discrepancy. The above limitations should be considered when critically reviewing the literature regarding ACL injury treatment in the skeletally immature patient.
Extraphyseal Reconstruction. To avoid physeal violation and a possible growth disturbance, several investigators have described nonanatomic, nonisometric, extraphyseal techniques aimed at restoring knee stability. 14, 15 DeLee and Curtis 15 recommended using the iliotibial band by releasing it proximally and passing it through the femoral notch, proximal to the distal femoral physis and then under the lateral collateral ligament. The iliotibial band is then fixed to Gerdy's tubercle with a screw. 15 Bergfeld described using a portion of the patellar tendon, which is detached proximally and passed beneath the transverse ligament ("tomato stake" procedure). It is then attached in the "over the top" position.
14 Drez modified Bergfeld's technique by fashioning a groove in the tibial epiphysis and lateral femoral condyle, allowing the graft to lie in a more anatomic position. 14 (Tables 1A and 1B) . 9, 19, 22, 38, 41, 45, 47 McCarroll et al 38 reported midsubstance ACL tears in 10 patients and Graf et al 19 reported 2 patients who underwent extra-articular reconstruction without violating either physes. No leglength discrepancies or angular deformities were reported. Postoperative instability physical examination data and standardized knee score outcomes were not specified or reported. Most patients were able to return to prior activity (55 [92%] of 60), and only 3 (5%) patients had a KT-1000 Ͼ5 mm degree of instability. Three (25%) of 12 patients in these studies sustained postoperative meniscal and graft tears requiring revision ACL or meniscal surgery. Although minimizing the risk of growth-plate injury, at the expense of continued instability and recurrent injury, these techniques are limited to prepubescent patients who have failed conservative treatment.
Several extraphyseal reconstruction cases series have been published with most authors reporting mixed results
To improve postoperative stability allowing for a return to sports while minimizing the risk for growth abnormality, several authors have developed ACL reconstruction techniques that use an intra-articular graft passage without physeal violation ( Figure 5 ). Brief 9 reported 9 patients, Janarv et al 22 16 patients, Micheli et al 41 8 patients, Parker et al 45 6 patients, and Robert et al 47 8 patients. No leg-length discrepancies or angular deformities were reported at followup. Physical examination for instability revealed Ͻ3-mm maximum manual difference with KT-1000 testing in most cases, a Lachman grade of 0 or 1, and a negative pivot shift phenomenon in instances where it was tested. 4, 9, 22, 31, 33, 39, 47 Lysholm scores ranged from 92-97 in three studies. Four of 5 studies did not comment on reinjury or need for further surgery. 9, 41, 45, 47 One study reported recurrent meniscal and ACL tears requiring surgery. These studies suggest that current intra-articular graft passage techniques may minimize growth-plate injury and have an improved functional outcome compared to an extra-articular reconstruction. A nonanatomic intra-articular reconstruction is, however, inferior to anatomic transtibial and transfemoral tunnel placement used in skeletally mature patients.
Most reports of extra-articular, nonanatomic knee stabilization in the pediatric population with ACL ruptures reveal several deficits. Often, active patients have continued instability resulting in activity modification and are unable to return to preinjury levels of sports participation. Additionally, continued instability may lead to progressive meniscal and articular cartilage pathology. Due to these limitations, these procedures often are selected for active, immature patients with a significant potential for future growth who have failed conservative treatment with the knowledge that future revision surgery may be necessary at skeletal maturity.
Partial Transphyseal Reconstruction. Several reports have been made involving combined extraphyseal and transphyseal techniques in skeletally immature individuals. 4, 31, 33, 43 Some authors prefer extraphyseal femoral fixation to avoid an eccentrically placed transphyseal tunnel. One reason is the distal femur's large contribution to overall leg length (37%) 43 in addition to the potential for subsequent angular deformity that exists with peripheral femoral tunnel placement. Many authors use transphyseal tibial tunnels as the proximal tibia contributes less to overall leg length (28%) 43 and the tunnel is more centrally placed ( Figure 6 ).
Three studies, with a total of 37 patients, were performed by Andrews et al 4 (n=8), Lipscomb et al 31 (n=24), and Lo et al 33 (n=5) using this strategy (Tables 1A and  1B) . To minimize physeal damage, small transphyseal tibial tunnels measuring 6-7 mm were made in a more vertical orientation. Grafts were placed in the over-thetop position on the femur without physeal violation. Additionally, two of the three studies used extra-articular augmentations or ACL repairs in certain cases. Overall, only 2 patients had Ͼ1-cm leg-length discrepancy with smaller discrepancies noted in many of the other patients. However, Rush and Steiner 48 showed that 77% of the general population has a 7-mm leg-length discrepancy. Most studies, unfortunately, did not measure leg lengths preoperatively. No significant angular deformities were reported. Instability testing revealed a maximum manual difference of Ͻ3 mm on KT-1000 testing in most patients with a mixture of grades 0 and 1 on pivot shift and Lachman testing. The majority of patients had good to excellent results and were able to return to unrestricted activity. Some patients reported no decreased performance without evidence of instability. One ACL graft reinjury was reported. All Transphyseal Reconstruction. Several studies evaluated ACL reconstruction using both tibial and femoral transphyseal tunnels for graft fixation 1, 7, 37, 39, 46 ( Figure 7) . Patients in these studies were typically aged between 13 No leg-length inequalities were Ͼ1 cm and no angular deformities were reported in these studies. Manual instability testing showed that KT-1000 maximum manual differences were typically Ͻ3 mm, with Ͼ5 mm seen in few patients (Table 1B) . The hamstring reconstructions tended to have a slightly increased anterior translation on KT-1000 testing (Table 1B) . The majority of Lachman and pivot shift tests were grade 0 or 1, with a few grade 2 and 3 results (Table 1B) . Several knee score systems were used, and the majority of patients returned to full activities (Table  1B) . Seven recurrent ACL tears, 2 meniscal tears, and 4 cases of arthrofibrosis requiring arthroscopic debridement occurred (Table 1B) .
A report of a growth abnormality as a result of transphyseal ACL reconstruction was published in 1999.
30 A 14-year-old boy underwent reconstruction with a double-stranded semitendinosus graft anchored with a femoral cannulated screw and tibial staples and cancellous bone plug placement in both tunnels. Neither Tanner stage, bone age, family member heights, or an adolescent growth spurt were recorded prior to surgery. Two years later, despite a stable knee, the patient developed a progressive valgus knee deformity requiring an openingwedge femoral osteotomy with tricortical bone allograft interposition and contralateral distal femoral epiphysiodesis. One year later, the patient was reportedly doing well without further deformity. Despite the low incidence of significant leg-length discrepancies or angular deformities in the majority of case series, the angular deformity that occurred in this patient emphasizes the theoretical and real concerns of transphyseal ACL reconstruction in skeletally immature patients.
Treatment Algorithm
Based on the senior author's (B.R.B.) experience and review of the available literature, the following treatment algorithm has been developed for skeletally immature patients with evidence of symptomatic ACL deficiency. Initially, the patient's current skeletal age is determined based on a PA radiograph of the left hand and wrist. Data from Anderson and Green suggests minimal remaining femoral and tibial growth in children with a skeletal age of 14 in females and 16 in males (Figure 8) . By subtracting their current skeletal age, time to lower extremity growth completion is estimated. For example, a female patient with a skeletal age of 12 would have an estimated 2 years of remaining lower extremity growth. Thus, a hamstring autograft reconstruction using extraphyseal tibial and femoral graft fixation is recommended. Radiographic appearance of physes, age at menarche, Tanner stage, a growth spurt, and familial growth characteristics are used to further improve the estimation of skeletal maturity. Patients with gross instability, unwillingness to comply with activity modification, or both are treated according to the algorithm in Table 2 .
CASE REPORTS
Case 1
A 12-year-old prepubescent boy presented with instability, catching and locking, pain, and swelling. At prior arthroscopy, an ACL mid-substance tear and displaced peripheral bucket-handle lateral meniscal tear were noted. He had injured his knee 2 years prior to presentation while attempting to jump over a stream. His mother was 5Ј8Љ tall and his father was 6Ј0Љ. The patient had not yet undergone a growth spurt.
On physical examination, he was 5Ј1Љ tall, weighed 95 lbs, and was consistent with a Tanner stage 2. Joint line tenderness, abnormal meniscal rotation signs, painful range of motion, and an effusion were noted. A grade 3 Lachman, grade 2 anterior drawer, and grade 2 pivot shift were noted. KT-1000 testing measurements of 11, 13, and 14 mm were found for the symptomatic knee and 5, 5.5, and 6 mm for the contralateral knee at 69 N, 89 N, and maximum manual translation, respectively.
Radiographs exhibited grossly open physes. Due to the patient's symptoms and a large repairable meniscal tear, meniscal repair using an inside-out technique and ACL reconstruction using hamstring autograft was performed. Reconstruction was performed using an extraphyseal technique with transepiphyseal tibial placement (under the medial meniscus) and over-the-top femoral placement secured extra-articular fixation (staples/screw and post) (Figure 9 ). At 14-month follow-up, KT-1000 measurements were 2.5, 3.5, and 4 mm on the affected knee. At 6-year followup, the patient had grown 12 inches in height, reported no instability, and ACL tests were normal. No symptoms suggested meniscal repair failure. Radiographs and physical examination revealed no evidence of growth abnormality or angular deformity.
Case 2
A 12-year-old female soccer player presented after a prior slide tackling injury that resulted in persistent pain and instability with cutting activities. Menarche had occurred 10 months prior to presentation.
On physical examination the patient was 5Ј1Љ tall, weighed 100 lbs, had secondary sexual characteristics of a Tanner stage 4, and was close in approximation in height to her mother. She exhibited a full range of motion, a grade 3 Lachman, and a grade 1 pivot shift. KT-1000 measurements were 8, 10, and 14 mm on the affected side and 3, 4, and 6 mm on the contralateral knee at 69 N, 89 N, and maximum manual testing, respectively.
Radiographs revealed closing femoral and tibial physes with an open tibial apophysis. Skeletal age was approximately 14.5 years. Magnetic resonance imaging revealed midsubstance ACL disruption with a characteristic bone bruise pattern. Due to symptomatic instability and an unwillingness to refrain from sports, ACL reconstruction was performed.
As she was a petite girl with an open tibial tubercle apophysis, a bone-patellar tendon-bone allograft was used to avoid injuring the apophysis and to allow for an adequate sized graft. At last follow-up, approximately 13 months post-reconstruction, she had returned to soccer with no symptoms and KT-1000 measurements were 5, 6, and 7 mm on the affected knee, respectively, without evidence of growth abnormality or angular deformity.
Case 3
A 12-year-old female softball player presented after a collision while sliding into third base, resulting in immediate knee pain and subsequent inability to play. She had experienced menarche approximately 1.5 years prior.
Physical examination demonstrated a full range of motion, grade 2 Lachman, and grade 2 pivot shift testing. KT-1000 measurements were 5, 7, and 9.5 for the affected knee and 3.5, 4, and 7 mm for the asymptomatic limb at 69 N, 89 N, and maximum manual testing, respectively. Tanner stage appeared to be that of a late 3 or early 4.
Radiographs of the knee revealed a closing tibial and closed femoral growth plates. Her skeletal age was determined to be closer to that of a 14-year-old. Magnetic resonance imaging revealed a midsubstance ACL injury with a characteristic bone bruise pattern. Bracing and activity modification were used initially, however she was an active athlete, who was unable to comply with this treatment, thus ACL reconstruction was performed using a bone-patellar tendon-bone autograft at age 13 years.
At latest follow-up 1 year postoperatively, she had returned to her preinjury level of athletics and was asymptomatic. KT-1000 measurements were 4, 5, and 7 on the affected knee. Her growth plates had fully closed, and no growth abnormality or angular deformity were noted.
Case 4
A 14-year-old female gymnast presented after a twisting injury to her left knee during completion of an extension flip in which her knee gave way causing her to fall. She experienced intense pain, had difficulty ambulating, and quickly developed swelling. She had not yet experienced menarche and appeared to be an early Tanner stage 3.
Further examination revealed a knee effusion with limited range of motion. Grade 2 Lachman and grade 1 pivot shift testing were noted. KT-1000 testing measured 6, 8, and 14 mm on the affected knee with values of 3, 4, and 5 mm on the asymptomatic limb at 69 N, 89 N, and maximum manual testing, respectively.
Radiographs revealed open growth plates and a skeletal age of 13 years (Figures 10 and 11 ). Magnetic resonance imaging revealed a midsubstance ACL injury (Figures 12) . Physical therapy and bracing were prescribed, but despite achieving full range of motion and symmetric lower limb strength, symptomatic instability was reported 3 months postinjury. Anterior cruciate ligament reconstruction was performed using a hamstring (semitendinosus and gracilis) allograft placed in the over-the-top femoral and transphyseal tibial positions with extraphyseal fixation (soft-tissue screws and washers in combination with staples) (Figure 13 ).
CONCLUSION
Midsubstance ACL tears in skeletally immature patients, although rare, occur and present unique treatment considerations. A careful assessment of the patient's potential remaining growth and ability to comply with nonoperative and operative protocols must be taken. Nonanatomic, extraphyseal attempts at reconstruction appear to decrease the risk for subsequent growth abnormality, but often are suboptimal in restoring ACL function. These reconstructions are primarily reserved for prepubescent individuals with larger potentials for growth. When the patient nears skeletal maturity, more anatomic, transphyseal reconstructions are recommended, as they provide the optimal stability with minimal risk of growth disturbance.
